However, in some cases, this method was unable to accurately measure enantiomers in urine samples because the peaks of each enantiomer were very close and because the rich matrix caused peak tailing.
Wren and Rowe 9 reported that the difference in the effective mobilities (∆µ) between two enantiomers, when the selfmobility of charged CDs is opposite to either the electrophoretic mobility of the analytes or the electro-osmotic flow (EOF), can be expressed by
∆µ = {[CD](µ(E) -µ(E-CD))(K1 -K2)}/ {1 + [CD](K2 + K1) + [CD]
2
K2K1},
where µ(E) and µ(E-CD) are the electrophoretic mobilities of the free enantiomers and the CD-enantiomer complex, respectively, [CD] is the concentration of CD, and K1 and K2 are equilibrium constants. 9 When the analyte and CD are oppositely charged, (µ(E) -µ(E-CD)) is replaced by either (µ(E) + µ(E-CD)) or (-µ(E) + µ(E-CD)), resulting in a larger ∆µ. In addition, the opposite direction of mobility of the charged CD and oppositely charged enantiomers results in sample stacking, which improves the separation of the enantiomers. 10 Therefore, anionic CDs should produce higher chiral separation of cationic analytes than neutral CDs. In recent years, anionic CDs were used in the chiral analysis of some ATS by CE. [11] [12] [13] [14] Lurie et al. 11 reported a method using sulfated(XIII)-γ-CD etc. High chiral separations of ATSs were gained (e.g. the resolution of enantiomers of MA was 13.2). Iwata et al. 15 reported a method using sulfated(XIII)-γ-CD for the chiral analysis of 9 ATS by reversed-polarity CE/MS/MS. All 9 ATS were simultaneously separated with high chiral resolution (e.g. the resolution of enantiomers of MA was ca. 5.3) and identified by their MS/MS spectra. This is the first report that racemic ephedrine (EP) and pseudoEP or racemic norephedrine (NE) and norpseudoephedrine were enantioseparated simultaneously using an MS detector. However, dimethylamphetamine (DMA), whose abuse has increased significantly in Japan in the past few years, and which is metabolized to MA, AP and other minor metabolites, was not one of the target compounds. In addition, this method was not used for the analysis of biological samples.
The goal of this work was to develop a method for the simultaneous chiral determination of enantiomers of 6 compounds in urine: MA, amphetamine (AP), DMA, EP, NE and methylephedrine (ME), in addition, d-pseudoEP, which has recently been used as an OTC drug in Japan. Formic acid and acetic acid were from Wako Pure Chemical Industries. β-CD and heptakis(2,6-di-O-methyl)-β-CD (DM-β-CD) were from Nacalai Tesque (Kyoto, Japan). Heptakis-6-sulfato-β-CD (S-β-CD), heptakis(2,6-diacethyl-6-sulfato)-β-CD (DAS-β-CD) and heptakis(2,3-dimethyl-6-sulfato)-β-CD (DMS-β-CD) were from REGIS Technologies (Morton Grove, IL, USA). All other reagents used were of analytical reagent grade. Ultrapure water, provided by a Milli-RX12α and Milli-Q SP system (Millipore, Bedford, MA, USA), was used for all procedures.
Experimental

Apparatus and conditions
Experiments were carried out using an Agilent CE (Agilent Technologies, Waldbronn, Germany) with an Agilent 1100 series MSD mass spectrometer (Agilent Technologies, Palo Alto, CA, USA). Samples were injected by applying a pressure of 50 mbar for 12 s. The separations were performed in an uncoated fused-silica capillary of 50 µm i.d. × 100 cm (GL Science, Tokyo, Japan). The applied voltage was +30 kV, and the capillary temperature was maintained at 20˚C. The electrolyte was 1 M formic acid (pH 1.7) containing 0.85 mM DAS-β-CD. The running electrolyte was filtered with a 0.45 µm filter before use. Electrospray ionization (ESI)/MS was conducted in the positive-ion mode, and the capillary voltage was set at 4.0 kV. The fragmentor was set at 80 V. Dry nitrogen gas was heated to 250˚C and delivered at a flow rate of 7 L min -1 . The pressure of nebulizing nitrogen gas was set at 10 psi. The sheath liquid was 10 mM ammonium acetate/methanol (50/50, v/v) and was maintained at 4 µL min -1 .
The spectrometer was scanned from m/z 100 to 250 at 0.85 s scan -1 . Other conditions were the same as those used in our previous report 16 and by Soga et al. 17 
Urine samples
The urine samples were taken from MA addicts arrested by the Ishikawa Prefectural Police under "Voluntary Presentation". Control urine samples were collected from healthy individuals. Urine samples were stored at +4˚C for several days until analysis.
Results and Discussion
Choice of anionic CDs, and comparison with neutral CDs
Three anionic CDs were examined: S-β-CD, DAS-β-CD and DMS-β-CD. The analytes were enantiomers of amphetamines (AP, MA and DMA) and ephedrines (NE, EP and ME) and the background electrolyte was 1 M formic acid (pH 1.7). In the achiral analysis using 1 M formic acid (without CD) as an electrolyte, the amphetamines (hydroxyl group not contained in its structure) migrated in the order AP, MA and DMA, and the ephedrines (hydroxyl group contained in its structure) migrated in the order NE, EP and ME (data not shown). This phenomenon is explained by the fact that enlarging the ion radiuses (AP < MA < DMA, NE < EP < ME) reduces the mobilities of the analytes.
In the case of S-β-CD, the amphetamines migrated in the order DMA, MA and AP; the ephedrines migrated in the order ME, EP and NE. This order is the opposite of that in the achiral analysis. We consider that a compound whose ion radius is small is strongly affected by S-β-CD. A concentration of 2.5 mM gave the best chiral resolutions of MA and AP, but enantiomers of NE were not separated. In the case of DMS-β-CD, the amphetamines migrated in the order AP, MA and DMA; the ephedrines migrated in the order NE, EP, ME. This order is the same as that in the achiral analysis. A concentration of 10 mM separated all compounds, but enantiomers of MA and AP were not baseline resolved, respectively. In the case of DAS-β-CD, the amphetamines migrated in the order AP, MA and DMA; the ephedrines migrated in the order NE, EP and ME. This order is the same as that in the achiral analysis. A concentration of 5 mM gave the best chiral resolution, and the resolution was larger than the resolutions obtained with the other anionic CDs. The resolution of enantiomers of MA was 5.2. This resolution was similar to that in a report of Iwata et al. 15 However, the total analysis time with this concentration was nearly 40 min. Because reducing the concentration of DAS-β-CD shortened the total analysis time, we decreased the concentration step by step. We finally settled on 0.85 mM DAS-β-CD, which could separate all enantiomers with a resolution over 2 and with a migration time within 25 min.
To examine the effect of the formic acid concentration, the concentration was gradually decreased from 1 M. The total analysis time became longer, and decreases in the peak heights of analytes were conspicuous. The peak heights using 100 mM formic acid as the background electrolyte were one-eighth the peak heights using 1 M formic acid. On the other hand, as the concentration gradually increased above 1 M, the peak heights of the analytes did not increase dramatically, but the chiral resolution decreased. The effect of using acetic acid as the background electrolyte was also examined. The resolution was similar to that obtained with formic acid. However, because the baseline of m/z 166 rose, the detection limit of EP declined. Therefore, formic acid is more suitable for the background electrolyte than acetic acid. When acetic acid was used in combination with S-β-CD or DMS-β-CD, the results were 16 ANALYTICAL SCIENCES JANUARY 2005, VOL. 21 similar to those obtained with formic acid. Accordingly, we found that the optimum electrolyte was 1 M formic acid containing 0.85 mM DAS-β-CD. Mass pherograms of a standard mixture of enantiomers of MA, AP, DMA, EP, NE and ME using S-β-CD, DMS-β-CD and DAS-β-CD are shown in Fig. 1 , and the resolutions of the enantiomers are summarized in Table 1 . We analyzed these compounds by CE/MS according to the method of our previous report using 1 M formic acid containing neutral CDs (mixture of 3 mM β-CD and 10 mM DM-β-CD). 8 The mass pherogram is shown in Fig. 1d and the resolutions of the enantiomers of MA, AP, DMA, EP, NE and ME are shown in the right part of Table 1 for a comparison with the results obtained with anionic CDs. The same compounds were previously analyzed by Chinaka et al. by CE/diode-array detection (DAD) using 75 mM tris(hydroxymethyl)-aminomethane (Tris) buffer as a background electrolyte, and the same CDs as a chiral selector. 4 The resolutions of these compounds are also shown in the right part of Table 1 . Using Tris, neutral CDs and a DAD detector, the chiral resolutions of all compounds, except AP, were over 1, but, using formic acid, neutral CDs and the MS detector, the chiral resolutions of all compounds, except NE, were under 1. One of the reasons for this difference is that formic acid, which is volatile and applicable for use in a MS detector, decreases the resolution (In the analysis by the DAD detector using formic acid, the resolution was worse than the resolution obtained with Tris). Another reason is that an electrolyte in the capillary was dragged into the MS by nebulizing gas and the vacuum in the MS.
We suppressed EOF by adjusting the pH value of the electrolyte to less than 3. 8 Because neutral CDs have no self electro-mobility, neutral CDs do not flow into the ion source under conditions that suppress EOF. However, some nonionized compounds (e.g. neutral CDs) still enter the MS, either by being pushed by the nebulized ionized compounds, or by being pulled by the vacuum of the MS. Anionic CDs, which move in the opposite direction in the MS, do not flow into MS. After operating the CE/MS with anionic CDs over a long time, we did not detect both an accumulation of white material below the entrance of the ion source and a decline in the sensitivity.
Reproducibility, detection limits and calibration curves for a standard mixture
The reproducibilities of within-run (n = 4) and between-run assays (n = 4) for a standard mixture of racemic MA, AP, DMA, EP, NE and ME are summarized in Tables 2 and 3 . In the within-run assay, the RSDs of the migration times and peak areas of the enantiomers of 6 compounds were no more than 0.58% and 7.83%, respectively. In the between-run assays, the RSDs of the migration times and peak areas were no more than 1.58% and 9.97%, respectively.
The detection limits were defined as the concentration in water that produced a signal equal to 3 -4 times the background noise level. The detection limits using selected-ion monitoring (SIM) were 0.01 µg mL -1 for the enantiomers of MA, AP, DMA, EP and ME. The detection limits for the enantiomers of NE were 0.02 µg mL -1 . In a previous chiral CE/MS analysis using neutral CDs, 8 the detection limits of the enantiomers of MA and AP were 0.03 µg mL -1 . The calibration curves based on the peak areas of the enantiomers of MA, AP, DMA, EP, NE and ME using SIM were linear in the range of 0.05 -10 µg mL -1 (d-MA, y = 199065x + 10261, r 2 = 0.999). The calibration curves at concentrations over 10 µg mL -1 were not linear. On the other hand, the calibration curves based on the peak heights were linear only in the range 0.05 -1 µg mL -1 (d-MA, y = 33426x + 667, r 2 = 0.989). This difference was due to the fact that the higher concentrations (> 1 µg mL -1 ) resulted in wider and shorter peaks.
Urine analysis
Several dozen control urine samples were analyzed. The urine samples were extracted by a liquid-liquid extraction method, as described previously. 8 No peaks were observed at the migration times of the enantiomers of MA, AP, DMA, EP, NE or ME. A mass pherogram of an extract of urine spiked with a mixture of racemic MA, AP, DMA, EP, NE, ME and dpseudoEP (each 0.5 µg mL -1 urine) is shown in Fig. 2a . All compounds were clearly detected (the recoveries of d-MA and d-AP were 89 -103%). Using SIM, the detection limits of MA, AP, DMA and ME spiked in the urine were each 5 ng mL -1 urine (which corresponds to 0.1 µg mL -1 extract). The detection limits of EP, NE and d-pseudoEP were 20 ng mL -1 urine (which corresponds to 0.4 µg mL -1 extract). The reproducibilities of within-run (n = 4) and between-run assays (n = 4) for the migration times and peak areas of the extracts from urine samples spiked with a mixture of racemic MA, AP, DMA, EP, NE, ME and d-pseudoEP (each 0.05 µg mL -1 urine) are summarized in Tables 2 and 3 . Compared with the data of the standard mixture, the RSDs of the migration times are large. However, chiral discrimination was possible because the chiral separations were sufficient. The RSDs of the peak areas were also large. This is partly because stacking was interfered in the ion-rich samples (e.g. urine-extract) and, in turn, peak tailing was caused. The large RSDs may also have been partly due to differences in the viscosity of the samples, which could result in uneven injection volumes (because the injection volumes are delivered by pressure). The reproducibilities of within-run (n = 4) and between-run assays (n = 4) for the relative migration times and relative peak areas of the extracts from urine samples are also summarized in Tables 2 and 3 . The relative migration times and peak areas were calculated using those of each compounds of the standard mixture, which were analyzed before each analysis of urine samples. The RSDs of the relative migration times and relative peak areas of between-run assays were no more than 0.92% and 7.73%, respectively.
Urine samples from several dozen MA addicts were also analyzed. Figure 2b The sensitivity of the proposed method was sufficient to detect the concentrations of MA and AP in urine. 18 This method is selective for the simultaneous chiral analysis of enantiomers of MA, AP, DMA, EP, NE and ME, and is applicable to the analysis of urine samples.
